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Potential Health and Environmental
Effects of Trace Elements and
Radionuclides from Increased Coal

Utilization
by R. . Van Hook*

This report addresses the effects of coal-derived trace and radioactive elements. A summary of our
cmrent understanding of health and environmental effects of trace and radioactive elements released
during coal mining, cleaning, combustion, and ash dispesal is presented. Physical and biological transport
phenomena which are important in determining organism exposure are also discussed. Biological concen-
tration and transformation as well as synergistic and antagonistic actions among trace contaminants are
discussed in terms of their importance in mobility, persistence, availability, and vitimate toxicity. The
consequences of implementing the President’s National Energy Plan are considered in terms of the impact of
the NEP in 1985 and 2000 on the potential effects of trace and radicactive clements from the coal fuel cycle,
Areas of needed research are identified in specific recommendations.

Introduction

Combustion of coal for the production of electrical
and thermal energy is not without attendant health
and environmental effects. Numerous reports have
been prepared in recent years concerning these ef-
fects relative to our current pattern of coal utilization
of approximately 650 million tons per year. Most
studies have dealt with specific parameters of coal
utilization such as health effects of coal combustion
(1), toxicity of coal-derived trace elements (2), ef-
fects of coal-derived trace elements on water quality
(3), and effects of coal-derived radionuclides {4).
Recently several reports have appeared addressing
an integrated assessment of coat utilization (5-8) and
these reports have been utilized extensively in de-
veloping the following materials. Specifically,
ERDA 77-64 **Effects of Trace Contaminants From
Coal Combustion™ (5) has been used as a basis for
the present analysis and sections of that report have
been repeated verbatum with new information in-
serted in appropriate locations,

*Environmental Sciences Division, Qak Ridge National Labo-
ratory, Qak Ridge, Tennessee 37830.
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The President’s National Energy Plan (NEP)
contains assumptions which bear directly on ques-
tions about health and environmental impacts of
trace elements and radionuclides from increased
coal utilization. The most important assumptions are
that annual coal production will grow from 650 mil-
lion tons (15.3 quads) in 1975 through 1,200 million
tons (28.2 quads) in 1985 to 1,910 million tons (44.9
quads) in 2000, and that by 1985, all emission sources
will be in full compliance with environmental regu-
lations promulgated by the U.S. Environmental
Protection Agency (EPA) and by individual states.
The NEP is based on application of the Best Avail-
able Control Technology (BACT) being applied to all
new or expanded utility and industrial boilers. As
outlined in Public Law 95-95, the 1977 amendments
to the Clean Air Act of 1970, BACT is to replace the
New Source Performance Standards (NSPS). Al-
though not directly addressed in the NEP, fly ash and
scrubber slidge may be defined as hazardous sub-
stances under the Resource Conservation and Re-
covery Act of 1976. This will have a significant im-
pact on allowable release rates from landfills and
settling ponds ased in fly ash disposal. The Surface
Mining and Reclamation Act of 1977 will play a major
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role in determining coal availability by placing more
stringent regulations on levels of mine drainage and
on reclamation practices for both existing and new
mines. The NEP assumes no advanced coal com-
bustion or coal liquefaction before 2000. Coal gasifi-
cation is assumed to contribute 1.2 quads by 1985
and 3.8 quads by 2000 with attendant solid waste and
water use problems.

The objective of the present paper is to discuss the
current status of our understanding of health and
environmental effects of trace elements and
radionuclides from coal uttlization and to estimate
the probable impacts of increasing coal utilization as
envisioned in the NEP. A discussion of environ-
mental and biological transport is included because
transport and transformations of hazardous ele-
ments determine organism exposure and ultimate
toxicity. It should be pointed out early that accurate,
inexpensive analytical techniques for determining
amounts and chemical forms of trace contaminants
are essential to understanding and evaluating trans-
port and effects of these materials. With the excep-
tion of transportation, which is covered elsewhere,
the complete coal fuel cycle is addressed in this
study.

Summary

Trace elements and radionuclides potentially
hazardous to human health and ecosystems are
present in coal. Trace elements of concern include,
among others, As, Be, Cd, Cr, F, Hg, Ni, and Pb.
Concentrations of these elements vary considerably
among coal types. Radioactive elements of concern
in coal include 23U, 238U, 232Th, and associated
daughter products. Concentrations of radionugclides
n coal are generally less variable than those of trace
elements, values of 1 ppm for U and 2 ppm for Th
being reasonable national averages.

Trace and radioactive elements can enter the envi-
ronment prior to coal combustion through runoff
from mining, cleaning, and storage operations; dur-
ing combustion in atmospheric emissions of respira-
ble particulates and volatile elements; and following
combustion through runoff and leachate infiltration
mto ground water from bottom ash, fly ash, and
scrubber sludge deposited in settling ponds and
landfills. Trace contaminants released to the envi-
ronment from the coal fuel cycle may result in ex-
posure of organisms at considerable distances due to
atmospheric transport of particulate and gaseous
forms, or contaminants from solid wastes (ash) may
reach drinking water supplies through hydrologic
transport in ground and surface waters,

At nearly every point along physical transport

228

pathways in aquatic and terrestrial environments,
opportunities exist for interactions of trace elements
with life forms. Organisms, especially microor-
ganisms in aguatic environments, can absorb, con-
centrate, and transform trace and radioactive ele-
ments into more concentrated forms or more toxic
compounds. Biotransformation of trace and
radioactive elements is particularly important in de-
termining effects on man and other organisms, since
it is the molecular form of these contaminants that
determines their persistence, availability, bioac-
cumulation, and toxicity. Bioaccu:mulation is of par-
ticular concern for elements such as Cd, Hg, and Pb
because current intake levels for these substances
are near tolerable human health limits.

Ecological effects of trace and radioactive ele-
ments from the coal fuel cycle are presently or will be
associated primarily with mining, cleaning, and solid
waste (ash, sludge) disposal. The acidic nature of
mine drainage from eastern coal fields tends to hold
metal ions in solution and promotes their transport to
surface and ground waters. Acid mine drainage from
inactive mines in the eastern Urnited States is the
greatest single source of drainage and transport to
aquatic environments, and is very difficult to con-
trol. Western coal generally lacks acid-forming sub-
stances, although increased salinity of surface and
ground waters in western coal regions could become
aproblem due to soluble salts in niine spoils. During
overburden removal for strip mining, ground water
aquifers are commonly intercepted; hazardous ele-
ments may enter these disturbed aquifers. Impacts
associated with elements in runoff and leachate from
coal cleaning and storage are similar to but of lesser
magnitude than those associated with coal mining.

Concentrations of trace contzminants in atmo-
spheric emissions from coal-fired power plants do
not appear to be a significant ecological hazard.
Trace etement concentrations in soils fall rapidly
with distance from power plants and tend to be at
background levels at distances = 3 km from the
plant. With installation of efficient electrostatic pre-
cipitators, atmospheric emissions of trace elements
should not be acutely harmful to vegetation and
other biota, especially beyond a 3 km radius. Only
fluorine appears to deserve special watching.
Likewise, the potential for chkronic toxicity to
ecosystems is relatively low, except in local areas
already enriched with a particular element. How-
ever, sublethal, chronic or synergistic effects of
trace elements on ecosystems have received little
attention.

About 929 of particulate materials produced in
utility boilers is removed by electrostatic pre-
cipitators. Fly ash, bottom ash and scrubber sludge
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all contain trace and radioactive elements. These are
generally released to ground water at low concen-
trations, with attenuation occurring very close to the
disposal site. Very little information is available on
the chemical form, bicavailability and toxicity of
these contaminants. By 1985, 60 to 100 million tons
of fly ash with elevated levels of trace elements will
be annually discharged into settling basins or land-
fills situated in close proximity to coal-fired power
plants. Elements such as As, Cd, Co, Hg, Ni, Pb, Se,
U. and Zn all exhibit mobilization rates from these
deposits that are larger than 10% of the natural
weathering rates. Cadmium, Hg, and U appear to be
mobilized through coal combustion at rates com-
parable to their natural weathering rates. These ele-
ments have a definite potential for runoff 1o surface
waters and leachate intrusion into ground water and
their concentrations should be monitored closely.

There is reasonable concurrence that some frace
contaminants in coal may constitute human health
problems from either direct toxicity or risk of cancer.
Among those most toxic to man are Cd, Hg, and Pb,
intake levels of which are already near tolerable
health limits. Three elements — As (11D, Cr(V1), and
Nt {carbonyl) — are accepted as having high car-
cinogenic importance to man. Of these, As (i11) and
Cr (VI) probably occur in fly ash leachate, but at
unknown concentrations, while Ni (carbonyl) does
not occur. There is little or no teratogenic potential
from Cd, Hg, or Se compounds at concentrations
found in atmospheric emissions or fly ash leachate.
The potential for contamination of drinking water
supplies by trace elements in leachates from settling
ponds or landfills 1s very real and needs to be
evaluated. As previously noted, ash disposal sites
will increase in both size and number, amounting to
60 to 100 million tons of wastes annually by 1985,

Estimated annual release rates for radionuclides
from a 1000 MW(e) coal-fired power plant amount to
0.04 to 0.35 mrem/yr whole body dose, as a maximal
annual dose commitment per individual. To compare
the magnitude of radiation from coal combustion
emissions, itis useful to use dose equivalent rates for
natural background and coal emisstons. The dose
equivalent rate for the whole body from alt natural
radiation sources is 80 = 40 mrem/yr. The corre-
sponding coal combustion radiation rate is 0.007
mrem/yr. On this basis, atmospheric releases of
radionuclides from increased coal combustion do not
represent a significant public health problem unless
coal containing > 5 ppm U come into general use,
Radionuclide releases from ash disposal sites have
not been evaluated, and depending upon ash leach-
ing rates, could become a significant human health
consideration.
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There are several areas of uncertainty which
should be pointed out. These areas are listed below;
recommendations for needed research are listed at
the concluston of this report.

(1) The chemical form of trace elements is very
important as a determinant of transport through the
environment and of toxic effects on health and
ecosystems. Most studies of coal emissions and
leachates focus on simple elemental analysis. Lack
of knowledge of chemical species of trace elements
precludes making a confident and adequate assess-
ment of the potential health and ecological effects of
trace elements from coal utilization.

(2) Potential contamination of drinking water sup-
plies by several toxic or radioactive elements in
leachates from waste disposal presents a real public
health problem. The chemical form of each element
may be significantly altered by microorganisms in
the physical transport process, and these chemical
forms will determine the rate of environmental
transport, the bicaccumulation and toxicity of these
elements, Too little is known about these processes.

(3) Given that several trace elements in leachates
exhibit mobilization rates that are larger than 10% of
natural weathering rates, do these elements effec-
tively remain in settling basins or are they injected
into waterways and into food chains? Unquestion-
ably, the movement of trace elements from coal
combustion disposal sites should be regarded as a
potentially significant health problem and bears in-
tensive monitoring in some sites,

{4) While the ambient aimospheric loading of trace
elements does not appear to be as great a potential
problem as intrusion into waterways from leachales,
there is a need to monitor atmospheric concen-
trations at selected sites. Few data exist on trace
element ambient concentrations, fallout and re-
entrainment from disposal sites. Atmospheric and
environmental levels of cadmium, fluorine, mer-
cury, lead, arsenic (I11), and possibly Cr (V1) should
be particularly monitored at these selected sites.

Current Status

Sources of Hazardous Elements in the Coal
Fuel Cycle

Extraction, cleaning, transportation, storage,
combustion or conversion, and ash disposal are the
sources of trace elements and radionuclides in the
coal fuel cycie (6). These contaminants may enter the
atmosphere, landscape, and hydrosphere and, de-
pending upon physical, chemical, and biological
factors, enter food chains leading to man. Contami-
nants introduced into the atmosphere may reach man
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Table 1. Average trace element concentration in coal by state?

Trace element concn, ppm

Northern Powder
Appalachian Southern Appalachian Eastern Interior River Region Four Corners
Eastern Western New
W. Va. Penn. Ky. Ala. Va.  Tenn. IR Ky. Ind. Mont. Wyo. Mexico  Ariz.
As 9 16 6 13 10 9 6 7 7 <6 1 2 2
Ba 77 70 79 110 99 120 49 44 31 380 170 270 39
Be 1.2 0.8 1.5 074 1.1 0.58 1.3 1.4 1.7 1.5 2.4 0.94 0.97
B 20 15 19 30 13 24 81 70 85 60 36 43 49
Cd — — — — — — 29 — — <01 0.46 <2.6 <0.54
Cr 19 24 19 19 20 19 29 18 19 3 5.8 11 9.7
Co 17 18 i3 i8 14 3 i5 i6 24 7.7 52 i35 —
Cu 11 13 11 14 13 11 8.3 8.8 9.7 3.2 4.4 59 4.9
F 70 90 30 90 50 120 59 — 50 70 160 160 70
Pb 4.9 5.2 4 17 6.1 4.9 33 6.4 7.2 4.8 0.61 4.7 39
Li 44 64 78 75 34 36 45 16 24 27 19 16 19
Mn 21 21 26 19 42 23 73 19 26 57 14 19 9.7
Hg 0.12 0.20 — — — — 0.18 — 0.08 0.07 0.05 0.08 0.05
Mo 6.2 9.8 5.2 11 8.3 7.8 8.8 7.4 5.2 4.8 2.2 2.0 .97
Ni 18 20 16 17 22 16 25 16 33 1.3 4.1 8.1 49
Se 34 3.7 3.1 51 44 4.9 2 31 4 3 0.8 2.0 2.1
Te — — — — — — — — — — 0.025 0.03 <0.02
Tl — — — — — — — — — — 0.4 0.24 <02
Sn 1.5 1.1 4.6 22 23 1.8 2.6 2.5 0.74 1.1 1.4 1.9 0.97
\Y 30 33 9 3l 33 34 35 32 35 12 15 25 9.7
Zn 17 22 15 22 23 23 140 48 73 42 37 19 9.7
Zr 63 68 60 56 44 45 88 77 100 77 39 110 39
U
(range, <10-30  20-190 10 — <10 — <I10-80 — 10 10-340  10-1000  10-6200 —
not avg.)

aSpurce: Dvorak (6).

and other animals through inhalation and plants
through fumigation while those entering the aquatic
and terrestrial environments reach plants and ani-
mals through root uptake and ingestion. Trace ele-
ments and radionuclides in U.S. coals have been
widely studied ¢, 7, 8). Concentrations of trace ele-
ments in coal are sometimes difficult to determine
accurately and tend to vary considerably among dif-
ferent coal types (Table 1). Thus, it is not appropriate
to compute a national average for each trace element
in coal (9). Radioactive elements in coal, 2*5U, 2381,
232Th, and associated daughter products, are also
variable (Table 2), but values of 1 ppm U and 2 ppm
Th have been assumed to be reasonable national
averages (7, 10).

Coal extraction, both surface and subsurface,
produces solid wastes and acid or alkaline mine
drainage which contain trace elements and
radionuclides that are transported to aquatic envi-
ronments 6). Acid mine drainage from inactive un-
derground mines is difficult to control and is the
greatest single source of drainage in the eastern
United States (/7). The acidic nature of acid mine
drainage tends to hold metal ions in solution and
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promotes transport to surface and ground waters.
Trace elements of concern include Al, As, Cd, Cr,
Co, Cu, Fe, Pb, Mn, Ni, Se, and Znr (/2). In western
coal provinces acid formation is 2lmost nonexistent,
but transport of alkaline drainage containing soluble
salts from mine spoils to receiving waters is one of
the most significant water quality problems in those
regions (13).

Coal processing or cleaning produces coal fines
and rock material. The refuse is separated into gob
{course-boulder 1o pebble-size rock) and slurry
(clay-sized particles of coal fires). Problems as-
sociated with coal cleaning refusz are generally lim-
ited to the coal regions of central interior and eastern
provinces (6). Acid drainage or runoff of refuse piles
are sources of trace elements to terrestrial and
aguatic environments.

Large coal-fired electricity-generating stations
[z 1000 MW(e)) require coal storage in order to
maintain a continuous supply tetween shipments.
Permanent coal stockpiles for a typical 1000 MW (¢}
plant may vary from 500 to 900 thousand short tons
and require from 1 to 2.5 hectares (6). Suspension of
coal dusts and infiltration and runoff waters are
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Table 2. Range of uranium and thorinm concentrations and geometric means (expected values) for coal samples taken from various regions of
the United States.?

Uranium concentration Thorium concentration

(ppm)® (ppm)®
Number
of Geometric Geometric
Region Coal samples Range mean Range mean
Pennsylvania Anthracite 53 0.3-252 1.2 1.8-14.4 4.7
Appalachia Bituminous 331 <0.2-10.5 1.0 2.2-47.8 2.8
Interior Bituminous 143 0.2-43 1.4 <3-79 1.6
Northern Great Plains Subbituminous, lignite 93 <0.2-2.9 0.7 <2.0-8.0 2.4
Gulf Lignite 34 0.5-16.7 2.4 <3.0-28.4 3.0
Rocky Mountain Bitumtnous, 134 <0.2-23.8 0.8 <3.0-34.8 2.0
subbituminous
Alaska Subbituminous 18 0.4-5.2 1.0 <3.0-18 31

aSpurce: McBride, 4).

®The arithmetic average concentrations of thorium and uranium for all coal samples and various ranks of coal for the whole United

States are given in Table 3.

Table 3. Arithmetic averaged concentrations of wranium and
thorium in coal for the whole U.S,

Thorium, Uranium,
Coal rank Samples ppm ppm
All coal 799 4.7 1.8
Anthracite 53 5.4 1.5
Bituminous S09 5.0 1.9
Subbituminous 183 3.3 1.3
Lignite 54 6.3 2.5

major trace element and radionuchide sources to the
environment. Terrestrial effects are generally neg-
ligible except on areas immediately below and adja-
cent to the piles. Ground sealing prior to establishing
the coal pile can reduce infiltration into ground water
(14). Contamination of aquatic environments from
runoff from coal piles is similar to but of lesser mag-
nitude than that from acid mine drainage.

Coal combustion produces fly ash and slag or
bottom ash as solid waste products. Slag is that por-
tion of total ash which melts to a viscous fluid at
combustion temperatures, and bottom ash is the re-
mainder that does not meit and is too heavy to be
entrained in flue gas. The amount of slag and bottom
ash produced incombustion is a function of coal type
and boiler design. Bottom ash is generally mixed
with fly ash and pumped in a slurry to settling ponds
or dewatered and transported to landfills. Settling
ponds are sometimes lined with clay to reduce
leachate movement into ground water {/4}. In the
absence of liners, trace elements and radionuclides
in leachates can move into underlying soil and
ground water {I5) and are subject to a variety of
chemical, physical, and biological factors that gov-
ern their mobility and availability in the environ-
ment.
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Trace elements in coal tend to partition or con-
centrate in certain phases during combustion. Klein
et al. (/6) categorized trace elements into three
classes: (1) elements that are not volatilized in the
combustion zone, but instead form a melt that be-
comes both fly ash and slag (Al, Ba, Ca, Ce, Co, Eu,
Fe, Hf, K, La, Mg, Mn, Rb, Sc, Sm, 8¢, Ta, Th, Ti);
(2) elements that are volatilized on combustion, and
condense or adsorb on the fly ash as the flue gas
cools, leading to depletion from slag and concentra-
tion in the fly ash (As, Cd, Cu, Ga, Pb, Sb, Se, Zn);
and (3) elements that remain almost completely in
the gas phase (Hg, Se, Cl, Br). The elements Cr, Cs,
Na, Ni, U, and V were intermediate in behavior and
were placed between classes one and two. Following
combustion, trace elements released to the atmo-
sphere in association with particulates may be selec-
tively adsorbed in different particle size ranges (17)
and may be enriched on fly ash particle surfaces
relative to the interior of the particle (/8).

Coal gasification appears to be the only coal con-
version technology that will be on-line by the year
2000 (19). Trace elements and radionuctides may be
released to the environment from gasification pri-
marily from noncombustible solid wastes that will be
disposed of in landfills or slurry ponds. Atmospheric
releases of volatile or hydride-forming species is a
potential but undefined source of trace elements
from gasification.

Environmental Transport

Before the effects of coal-derived trace contami-
nants on man and ecosystems can be evaluated, it is
necessary to estimate the transport, transformation,
and bioaccumulation of these contaminants as they
move from the power plant to the receptor. In addi-
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tion to determining routes of transport and transfor-
mation, rates for these processes also must be de-
termined before we can predict environmental fate
and levels of exposure. Information on the physical
and chemical characteristics (¢.g., particle size, sol-
ubility, and valence state) of materials released to the
environment is a vital prerequisite to study of trans-
port processes. The following discussions of en-
vironmental transport are based in part on an
analysis by Crawford et al. (20).

Atmospheriec Transpert and Dispersion. Sea-
sonal and annual pollutant concentration fields in the
atmosphere can be calculated with reasonable accu-
racy (within a factor of 2 to 3) at distances of up to 10
km from the effluent source if attention is restricted
to simple terrain types and typical daytime atmo-
spheric stability categories (21, 22). Probability dis-
tributions of hourly concentrations from seasonal
and annual data can also be calculated with similar
accuracy. At longer distances, models can be for-
muljated to account for transport and, to a lesser
extent, dispersion. The data required for distances
> 10 km are not readily available however, and the
models have not been thoroughly validated.

Wet Deposition. Precipitation scavenging of
particles and gases has been measured in the neigh-
borhood of coal-fired power plants, and the ex-
perimental results are fairly well modelled theoreti-
cally, at least for estimates of total mass scavenged.
Details of the removal as a function of particle size,
however, remain in a primitive state.

To estimate precipilation scavenging on a total-
mass basis, two approaches are available. In one, a
scavenging rate coefficient which accounts for the
particle size of the trace contaminant is used (23).
Estimates of the removal rate for snow scavenging
are also available 24). In the second approach, a wet
deposition velocity is derived using washout ratio
data (23, 25). These washout ratios show relatively
little variation for the trace contaminants and using
them, one can define a convenient wet deposition
velocity for typical annual rainfall amounts in the
northeastern United States (~ 100 cm/yr) as ap-
proximately 1 cmy/sec for trace metals of interest. Itis
appropriate to use the washout ratio for long-term-
average estimates; the scavenging rate approach
should be used for short-term estimates. Methods for
including precipitation scavenging in diffusion cal-
culations are available (26).

Dry Deposition and Resuspension. Dry deposi-
tion of particles to smooth surfaces as a function of
particle size and turbulence intensity is fairly well
known from wind tunnel studies, and theoretical
analyses demonstrate a fair understanding of the
processes involved. Dry deposition of submicron
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particles to real surfaces (e.g., grass, shrubs, trees,
lakes, etc.) is an unknown. Best available **guessti-
mates’’ suggest using a dry deposition velocity for all
particles to all real surfaces: v4 = 1 cnvsec. How-
ever, different values are obtained for different at-
mospheric conditions and surface roughnesses.

Resuspension of particles has only recently be-
come of interest in the atmospheric sciences, al-
though much useful information is available in the
soil and agricultural science literature. However, in
these fields, the emphasis has been more on wind
¢rosion than on the resuspension of submicron parti-
cles which is of dominant interest for evaluation of
inhalation health effects. In this regard, attention
must be patd to bounce-off during the deposition
process (27), resuspension by rain splashing (28),
and freeing of submicron particles from supermicron
particles during dissolution in witer (29) and by
bombardment of larger particles (30).

Water and Solutes Transport in Soils. For sites
downwind from a coal-burning power plant where
trace elements or their complexes reach the soil sur-
face by wet or dry deposition from the atmosphere,
the most important determinants of their environ-
mental fate are likely to be sorpticn and desorption
on soil particles at the soil surfuce and the sub-
sequent mobility of these trace elements as a result of
soll erosion caused by both wind and water.

The transport of coal-derived trace elements and
radionuclides within the soil depends on water
movement and chemical reactiorns within the soil
profile. The use of available techniques for predict-
ing and monitoring movements of soil water in the
vicinity of a coal-burming power plant depends upon
accurate field determinations of the horizontal gra-
dients in the water table head and hydraulic conduc-
tivity at the site in question.

When the movement of water through the soil has
been characterized, information about chemical and
physical reactions which occur sitnultaneously with
the soil water behavior is required in order to predict
the retention and transport of trace elements in the
soil, Processes of sorption and desorption between
the organic and inorganic solid phases of the soil are
usually strong and can prevent rapid leaching of
these elements into surface and ground waters. On
the other hand, some chemical forms of trace sub-
stances are repelled from the solid phases and may
leach readily with the water. Many reactions in the
soil are Eh- and pH-dependent. Some contaminants
present in coal waste material may interact with the
soil exchange complex and may te far more soluble
than one would expect from a stmple water extract;
others, although highly soluble in water extracts,
may precipitate with materials present in the soil.
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Processes of erosion and sedimentation represent
large portions of the mass flow and should be in-
cluded in conceptual models and measurements of
hydrologic transport (3/).

When the kinds of information described above
are available, estimates of the migration of trace
elements from land disposal sites that receive slag,
scrubber effluent, fly ash, and bottom ash can be
made. Vertical and horizontal movements in both
the water-saturated and unsaturated zones of the soil
can be estimated from the disposal site to the re-
ceiving waters.

Transport in Aquatic Environments. Trace con-
taminants that enter the aquatic environment are
usually rapidly taken up through adsorption by com-
ponents having the highest surface-to-volume ratios,
primarily the small suspended solids and sediments,
and absorption by similar sized microbiota. The
largest reservoir of trace contaminants is the bottom
sediment. Here a complex association of inorganic
and organic components similar to those found in soil
form a system which governs the availability of con-
taminants to the rest of the ecosystem. The physical
factors pH, Eh, pore space, and chemical transfor-
mations influence the retention/mobility of contami-
nants in aquatic systems. Similarly, biological
transformations play a Key role in aquatic transport
and distribution. In streams, contaminants may be
transported downstream in dissolved form or in as-
sociation with suspended sediments, ultimately to be
deposited into lake sediments or taken up in food
chains and cycled among various biological compo-
nents.

Biological Transport and Transformation

At nearly every point along the physical transport
pathways in both aquatic and terrestrial environ-
ments, oppertunities exist for interactions with the
biotic components. Organisms can absorb hazard-
ous elements from their physical environment and
dilute, concentrate, transform, and immobilize these
materials which may or may not affect ultimate con-
taminant toxicity. Biological transport plays a major
role in determining exposure of organisms to con-
taminants, but only a minor role in material transport
through the environment with little or no effect on
contaminant inventory.

Food Chains. Primary producers generally serve
as the base of food chains and may accumulate ele-
ments through roots {plant uptake), leaves (foliar
absorption), absorption through cell walls in aquatic
plants, and adsorption on external surfaces. Ele-
menis physiologically fixed in plant tissues as op-
posed to those on plant surfaces or in intracellular
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water streams may have different properties and be-
have differently when ingested by consumers (32).
Elements may return to the physical environment
through death and leaching, or they may enter food
chains through ingestion by consumers. Following
ingestion, elements may pass straight through the
digestive tract or they may be assimilated. Assimila-
tion rates may vary from < 1% per day for certain
elements up to 100% per day for others depending
upon both animal and element species in question
(33). Following assimilation, elements are distrib-
uted in various tissues at various rates in the con-
sumer’'s body. Cadmium, for example, tends to ac-
cumulate in renal tissues and methylmercury in the
central nervous system. Other elements, particularly
heavy metals and transuranics tend to be bone seek-
ers. Elimination of elements from various tissues
proceeds at various rates and results in release of the
chemical into the digestive tract to be eliminated
from the consumer through egestion. Consumers
may die or they may be consumed by subsequent
steps in a food chain. Compounding this simplified
picture of a food chain are the biotransformations
that may occur, changing the structure and biological
activity of chemicals, and the question of direct up-
take from surrounding air (inhalation) and water (gill
and epidermal absorption).

Sotls tend to be the sink for most chemical con-
taminants released to terrestrial environments. In
addition to water relations and soil sorption-
desorption phenomena, microbial interactions and
root uptake play major roles in transport and dis-
tribution of chemicals in terrestrial systems. Mi-
crobes can operate in both aerobic and anaerobic
environments and have profound effects on element
mobility. From the soil-soil-water continuum plants
may accumulate elements through root uptake, a
process of both active and passive nature, Plant
roots show preferenttal uptake of particular elements
and can exclude others at membrane boundaries.
Heavy metals entering plant roots are believed to be
chelated prior to their movement in xylem and
phloem streams (34).

Typically, aquatic food webs are more complex
than those found in terrestrial systems. Adsorption-
desorption of elements on suspended sediments and
direct absorption by organisms from water are added
parameters in aquatic systems. Chemical contami-
nants generally reach aquatic environments by direct
deposition (disposal), runoff from land surfaces, and
leachates in ground water. Chemical and physical
reactions among sediments, interstitial water, the
water column, and decomposers can affect the
routes and rates of transfer as well as the chemical
and biological properties of contaminants. Aquatic
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plants obtain elements from the water column
through absorption although surface adsorption is
important because of high surface-to-volume ratios
found in algae and other phytoplankton. Decompos-
ers may act upon organic matter in anaerobic sedi-
ments resulting in release of heavy metals to intersti-
tial waters and their subsequent diffusion fato the
overlying water mass. Because of the chemical and
biclogical activity present, sediments may act as
sources and sinks of chemical contaminants in the
aquatic environments.

Biological Concentration. The ability of animals
and plants to accumulate chemical contaminants to
levels above those of their food source or substrate is
acommeon btological phenomenon. Trace elements,
including heavy metals and radionuclides, are ac-
cumulated to varying degrees (35-37). In aquatic
systems, water is typically the reference point, while
soil serves a similar role in terrestrial systems.
Biological concentration of elements is governed by
the amount of element present in the diet or sur-
rounding environment, the chemical and physical
forms of the element which determine its biological
availability, the quantity of food consumed contain-
ing the element, the degree of assimilation of the
element through cellular barriers (i.e., cuticle, lung,
digestive tract, gills, etc.), and the extent of retention
in the organism’s tissues. Biological concentration
occurs with natural elements for cellular mainte-
nance and growth. It can also occur with hazardous
elements when there is a strong chemical or physical
resemblance to a common element or motecule
which is necessary for everyday life processes (38).

Due to the vanations that exist in the factors gov-
erning biological concentration among different en-
vironments and species as weli as within one species
in a particular environment, it is not true that be-
cause biomagnification occurs at one step in a food
chain, it will also occur in subsequent steps.

Biological concentration factors for hazardous
elements (Table 4) may vary over many orders of
magnitude {107% to 10%) in aquatic and terrestrial
environments (36, 37, 39). Typically, biomagnifica-
tion is greatest in aquatic environments where
surfuce-to-volume ratios are greatest and where ad-
sorption may overshadow absorption in relative im-
portance, Bioconcentration factors for trace ele-
ments in terrestrial environments are generally less
than unity with some exceptions.

Biological Transformations, Trace elements and
radionuclides introduced into the environment are
subject to biochemical interactions typically with
microorganisms in soils and sediments although
there are some biochemical transformation of
hazardous chemicals in higher organisms. Microor-
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ganisms are very versatile in their ability to chemi-
cally interact with natural and synthetic chemicais
@i, 42).

The biochemical process of methylation of heavy
metals and metalloids has received considerable at-
tention in recent years although the reaction was first
observed with arsenic in the late [930’s (¢3). Methy-
lation is believed to be a detoxification mechanism
for converting toxic ions to a more volatile form that
will be released to the atmosphere (#4). Several mi-
crobial species are capable of perfcrming this trans-
formation in soils and sediments ur.der both aerobic
and anaerobic conditions. Methylated forms of trace
metals are frequently more toxic and are more read-
ily absorbed by higher organisms than are inorganic
forms. Methylation of mercury by microbes in
marine and freshwater sediments is the best
documented case of this type of biological transfor-
mation (35). Arsenic, selenium, lead, and tin are
examples of other toxic elements that undergo
methylation (45),

Higher organisms, including man, are capable of
affecting biotransformations of hazardous chemi-
cals, Reactions of Cd and metallothionene in reten-
tion of this element in renal tissues are well
documented by Friberg et al. (48).

Biotransformations of hazardous chemicals in the
environment are particularly important in deter-
mining effects on man and other organisms because
the molecular form and biochemistry of these trans-
formed chemicals determine their availability, per-
sistence, bioaccumulation, and toxicity.

Synergisms and Antagonisms. The combined ac-
tion of two different chemicals may be greater than
or. less than the sum of the independent actions of
each material. If chemical effects are simply addi-
tive, the increase is a simple algebraic addition. If the
effect is greater than a simple algebraic addition,
then synergism or potentiation has occurred. If the
effect is less, antagonism exists. In the case of
additive effects, the two compounds have the same
points of attack. In potentiation, one compound usu-
ally acts on the metabolism of the second compound.
The concept of synergism or potentiation covers
both increases in usual effects of toxic compounds
and production of lesions not obseived by the action
of either toxic compound alone (47). Synergisms and
antagonisms are important in systems receiving
multiple tnputs of trace contaminants (i.e., aquatic
ecosystems and ground water).

Ecological Effects

Ecological effects of hazardous elements have re-
ceived increasing attention in recent years (6, 48, 49),
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Table 4. Biological concentration factors for selected trace elements in aquatic and terrestrial environments.?

Biological concentration factor®

As cd Hg Pb Zn

Aquatic

Water 1 1 1 1 1

Plants 170 1000 1000 200 1000

Invertebrates 330 2000 100,000 100 10,000

Fish 330 200 1000 300 1000
Terrestrial

Soil 1 1 1 i 1

Plants 0.01 0.3 0.4 0.07 0.4

Invertebrates 0.01 17 0.02 8

Mammals 0.001 (.008 s 0.001 0.6

Birds 0.001 50 0,001

aSource: Van Hook «0).

PRatio- of concentration in organism to concentration in substrate.

although most of this attention is focused on atmo-
spheric releases of particulates and associated trace
elements. Only recently have the problems as-
sociated with ground water contamination from ash
disposal come to light (3, 75) although there has been
considerable work with acid mine drainage and the
hazardous elements contained therein (6). Similarly,
coal-derived radionuclide impacts have been
addressed from the human health point of view ,
50, but insufficient data exist to evaluate the poten-
tial impact in natural ecosystems. The following
discussions are based primarily on the work of Jones
et al. (49) with supplemental information added
where appropriate.

Coal Extraction, Cleaning, and Storage. Effects
of hazardous elements from extraction on aquatic
ecosystems will result primarily from acid mine
drainage and erosion-induced siltation (5/). Histori-
cally, these effects have been severe throughout
eastern coal regions. The recently passed Surface
Mining and Reclamation Act of 1977 should defi-
nitely improve this situation., Effects include de-
creased productivity and diversity, temporally and
spatially altered species composition, altered
species composition, and, in heavily polluted sys-
tems, absence of life. Factors which influence the
effects of acid mine drainage and associated hazard-
ous elements include degree of effluent dilution in
receiving waters, the presence of other pollutants
including sewage and industrial wastes, chemical
states of metals in natyral waters, pH, temperature,
organic matter content, and synergisms (52). West-
ern coals generally lack acid-forming substances
(i.e., pyrites) which, along with the alkaline nature of
western sotls and overburden, suggests that acid
mine drainage should be mintmal in western coal
regions. Increased salinity of surface and ground
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waters in western coal regions appears to be due to
soluble salts in mine spoils (53). Surface coal extrac-
tion can also affect ground water resources. Ground
water aquifers are commonly intercepted during
overburden removal with subsequent effects on
ground water flow and quality. Hazardous elements
may enter these disturbed aquifers and be mobilized
and leached into surface waters.

Ecological effects of coal cleaning and storage are
similar in nature but lesser in magnitude to those
associated with acid mine drainage from coal extrac-
tion. Acid drainage or runoff from refuse piles may
affect terrestrial and aquatic systems by lowering
pH. Soils surrounding the refuse piles may accumu-
fate potentially toxic fevels of trace elements or
radionuclides icached from the refuse by acid water,
Aquatic environments adjacent to refuse piles can be
severely impacted through sedimentation of fines
and associated elements (6). The major long-term
impact to terrestrial systems will probably be that the
disposal area can only be returned to limited land
uses (i.e., wildlife cover, recreation).

Coal pile runoff and leachates contain coal fines,
hazardous elements, and humic acids and may be
acidic. Terrestrial effects are limited to land under
and immediately adjacent to coal piles while aquatic
effects including elevated element concentrations
and suspended solids will be more widespread. In
arid environments, or during dry spells in other
areas, fugitive dusts from coal and refuse piles may
be suspended in the atmosphere and are subject to
deposition on vegetation surfaces and inhalation by
animals.

Coal Combustion — Solid Wastes. Combustion
of coal results in solid wastes including precipitated
fly ash, bottom ash, slag, and SO, scrubber sludges
which require onsite disposal, and gaseous and par-
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ticulate emissions that pass through emission control
devices and are released through stacks to the atmo-
sphere. Currently, about 92% of the particulate
material produced in utility boilers is removed with
electrostatic precipitators (54). Fly ash, bottom ash,
and siag all contain trace and radioactive elements,
but the exact compesition can vary widely depend-
ing on coal geology and boiler operating conditions.
Elements tend to partition themselves into different
ash components as has been discussed earlier.
Studies of migration of trace elements from ash pond
leachates through soils have produced variable re-
sults depending on coal type, operating conditions,
arkl ash disposal sites. One study suggests no migra-
tion into ground water (35), whereas other inves-
tigators (/5) indicate that trace metals are released to
ground water at generally low concentrations, with
attenuation occurring very close to the disposal site.
While this may tend to minimize ground water con-
taminpation, it does not prevent uptake by plants
whose roots penetrate the new water table created
by the presence of the ash pond. Water and solutes
will move upward and laterally through the soil from
the new water table when soil surface evaporation
and plant transpiration exceed rainfall infiltration.
Accumulated hazardous elements may be toxic to
the vegetation, or they may simply be stored and
then become toxic to animals which consume the
vegetation.

Aquatic environments receive (race elements and
radionuclides from ash disposal through ground
water (minimal) and direct runoff from settling ba-
sing. Direct runoff may contain dissolved and sus-
pended materials which may or may not be available
chemically to the biota. EPA guidelines call for ap-
plication of BACT (best available control technol-
ogy) to waste water effluents by 1983. Currently,
best practicable control technology is applied at
varying levels of success. At least 30 trace elements
have been identified in measurable quantities in coal
ash and a number of these are toxic to aguatic or-
ganisms at either the initial concentration or follow-
ing biclogical transformation and/or concentration
(56), Concentrations of radium, thorium, and
uranium have been reported in fly ash (50), but there
are insufficient data to assess the effects of these
radionuclides or their daughter products on aquatic
or terrestrial ecosystems from ash disposal sites.
These data are particularly important considering
that about 92% of the ash produced in coal combus-
tion is placed in settling ponds and landfills. There
are few data on the effects of trace elements on
surface waters, but a study by Holland et al. (53)
demonstrated concentrations of B, Ba, Cr, Hg, and
Se in ash leachates exceeding federal surface water
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standards for these elements. Results from this study
varied from sample 10 sample and care must be ex-
ercised in generalizing to new situations.

To understand the effects of coal-fired steam-
plant-derived elements on the aquatic system, it is
necessary to quantify discharge of these elements.
Calculations reported by Vaughan et al. (48) and
Dvorak et al, (6) indicate that the atmospheric depo-
sition of elements derived from coal combustion
should exert a minimal influence on the chemical
composition of lakes and rivers. The only elements
that could be elevated were Hg, Cu, Sn, and Mo,
This conclusion was reached despite the use of
maximum transfer rates of fly ash deposited on soil
and its migration to the drainage streams in the
hypothetical watershed. An important additional
consideration, however, is the impact of slag and fly
ash discharges into the aqueous environment. The
basis for this concern is that approximately 32 x 10°
tons of fly ash with elevated levels of toxic elements
is annually discharged into settling basins siteated in
close proximity to many coal-fired steam plants (57).
Because it is known that many elements are leached
from the fly ash ({3), it is important to determine the
mobilization potential of toxic metals from fly ash
settiing basins to the nation’s surface and subsurface
waters.

To obtain a better understanding of this mobiliza-
tion potential, Klein et al. (58) calculated the quan-
tity of elements that were annually discharged prior
to 1975 in slag and fly ash to szttling ponds and
compared these values with data on natural weath-
ering. Results of these comparisons indicate that
except for Br, which is almost exclusively emitted as
a vapor, the discharge into ash settling basins ac-
counts for more than 1% of the e'ements mobilized
by weathering. Elements such as As, Cd, Co, Cu,
Fe, Mo, Ni, Pb, Sc, Se. U, and Zn all exhibit mobili-
zation rates that are larger than 109% of the weather-
ing rate, while rates for Mo, Se, and U are compara-
ble to natural rates. Application of this analysis to
more recent information (6, 7, 19) on coal combus-
tion (6.8 x 10 t/yryand on Cd and Hg concentrations
in coal (0.5 and 0.2 pg/g, respeclively), in soil (0.2
and 0,03 ug/g, respectively), and in water (0.1 and
0.07 ug/l, respectively), indicatzs that these ele-
ments are currently mobilized in coal combustion at
rates equivalent to their natural weathering rates.
Cadmium releases are predominantly associated
with precipitated fly ash in settling ponds and land-
fills whereas the majority of the Hz exists in the plant
stack with only about 10% going into solid waste
disposal sites. Due to these considerations, it would
be appropriate to investigate the regional effects of
these fly ash-derived elements; vhat is, do the ele-
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ments effectively remain in the settling basins or are
they injected into the nation’s waterways. Until such
evaluations have been made, it will be impossible to
predict, in a quantitative manner, whether coal-fired
steam plants will exert any modification on the
chemical composition of the nation’s waterways.

The very high pH encountered in ash settiing ba-
sins may influence the behavior of trace elements if
this pH influence extends beyond the confines of the
ash settling basin (i.e., into subsurface and surface
waters). This high pH results from the hydrotysis of
alkali and alkaline earths and may oftenexceed 11. In
most ash settling basins it appears that atmospheric
CO: diffusion into the water is not rapid enough to
lower the pH. One would predict that many metals
would precipitate either as hydroxides or by co-
precipitation (e.g., calcium carbonate). If sefthing is
not complete, however, particulate matter contain-
ing elevated levels of metal carbonates, hydroxides,
or sulfates could reach the discharge waters. Upon
reaching lower pH discharge waters, these particu-
lates might redissolve, thus producing an increase in
available metals to aquatic plants and organisms.
Alternatively, high pH effluent waters might pro-
duce a beneficial effect, in terms of metal removal,
on lakes and rivers with low buffering capacity. The
change in pH, however, might also affect the plants
and organisms in the receiving waters. These impli-
cations should be considered before the impact of
coal-fired steam plants on the aquatic ecosystem can
be evaluated.

Coal Combustion — Atmospheric Emissions. Coal
combustion emissions released through stacks to the
atmosphere can be transported over considerable
distances {sece Environmental Transport section).
The ecological effect of hazardous elements as-
sociated with these emissions will vary as a function
of chemical and physical form of the element, the site
of deposition, and the amount of material deposited.
As pointed out earlier, volatile elements in coal in-
clude As, Be, Cd, F, Hg, Se, Sb, Br, Cl, Cu, Ga, I, Ir,
Mo, Pb, and Zn (16, 38, 59). All pose some degree of
potential hazard to man and might adversely impact
the environment at some threshold concentration.
The amounts and forms of these elements that exit
the stack of a coal-fired power plant are largely un-
known and probably vary between plants, depending
on the coal source and pollution control technology.
The effect of clectrostatic precipitators in reducing
these emissions is likewise unclear, although some
consider a high percentage of these elements should
be found in the particulate of the precipitators.
Natusch et al. (/7) reported that As, Sb, Cd, Pb, Se,
and Tl preferentially concentrated on particulates in
the respirable range, a large part of which 1s not
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removed by existing high-efficiency precipitators,

Cannon and Swanson (68) found that concen-
trations of trace elements in soils (i.e., Hg, As, Sc,
Te, Cd, Be, and Pb) dropped rapidly with distance
from the Four Corners Power Plant, and concen-
trations were lower than those for average soils at
distances beyond 3 km. Vegetation within 3 km of
the plant had not, within the time span of their study,
accumttlated significant quantities of these poten-
tially toxic trace elements. The authors concluded
that with the installation of more efficient pre-
cipitators, the atmospheric trace element emissions
from this plant would not be considered harmful to
the biota. Horton et al. (61) measured the concen-
trations of 29 trace elements in soils and vegetation
within approximately 11 km of a coal-fired power
plant in South Carolina that had been operating since
1952. With the possible exception of Se (in soils) and
Mn (in ground water), none of the trace elements
released to the atmosphere from the plant contrib-
uted significantly to the concentrations of the ele-
ments in the immediate environment, No enrichment
ordepletion of trace elements was detected in soils in
the vicinity of Allen Steam Plant near Memphis,
Tennessee, but the soil was under the influence of
agricultural practices (62). Klein and Russell (63),
however, reported that sandy soils on the eastern
shore of Lake Michigan near a power plant were
found to be enriched in Ag, Cd, Cs, Cr, Cu, Fe, Hg,
N, Ti, and Zn. Vegetation was enriched in Cd, Fe,
Ni, and Zn.

Vaughan et al. (48) modeled the cumulative im-
pacts of trace element emissions over a 40-year
period from a hypothetical 1400-MW(e) power plant
in the western United States burning representative
western coal. Their model predicted that four trace
elements, Cd, Mo, Cu, and W, might accumulate (by
at least a factor of two) in growing plants. However,
they did not have sufficient data to make predictions
for 4 number of trace elements such as Ga, Ce, Ra,
Te, Th, TI, and V. In a similar analysis on a
hypothetical 1000-MW(e) power plant, Dvorak et al.
{0} concluded that ¢ven when the atmospheric par-
ticulate emission rate is at the maximum allowed by
NSPS(0.11b/10% BTU), the impacts to vegetation are
expected to be minimal, These authors point out Cd
and Se as having the greatest potential for adversely
affecting animals.

A number of the trace elements (i.e., Fe, Cl, B,
Mn, Zn, Cu, Mo, Co, Se, I, Cr, Sn, V, F, Si, and Ni)
are essential at low concentrations for either plant or
animal life but are toxic at higher concentrations
©4). Some of the nonessential trace elements, such
as Cd and Hg and essential Zn and Cu in marine
environments, are toxic to sensitive species in con-
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Table 5. Potential toxicity of trace elements in coal.?

Terrestrial
Element Plant Animal Aquatic Comments
As Low Low Low
B High Medium Low" Know enough on toxicity for terrestrial
ecosystems, in some instances may
. i i be beneficial
Be Medium High High" Speciation important
Bi Medium Low Low®
Cd High High High
Co High Medium High
Cr High Medium Medium Cr*® very toxic — need to know
speciation
Cu High Medium High Complexion in soil reduces loxic:ty,
F High High Low in some instances may be beneficial
Hg Medium High® High Enriched in plants, toxicity in food cycle
Mn l.ow Low Low Potential for net beneficial effects
Mo Low Medium Low High enrichment in plants -— beneficial or adverse effects
Ni High High Medium Very mobile in plants
Pb Low Medium Medium
Sb Medium High" Low"
Se Medium High Low? Interacts with other trace metals, e.g., Ni, Hg
Sn Low Low Low
Ti Low Low" Medium®
Tl High High Medium®
\Y High Low® Medium®
W Medium Medium® Low" Very mobile in plants
Zn Low Mediom Medivm Potential for net beneficial effec

aSource: Jones et al. (49).
Uncertain.

centrations only slightly above those occurring
naturally (65). Biotic dose-response relationships for
trace elements are at best poorly defined, and almost
nonexistent for those species comprising natural
ecosystems. The effect of high concentrations of
trace elements is ultimately a function of the toler-
ance of individual plants or animals.

Jones et al. (¢9) have classified the potential tox-
icity of various trace elements in coal into three main
categories — high, medium, and low — for terrestrial
and aquatic life (Table 5). The authors consider this
information to be a ‘‘best estimate’” based on their
collective experience, knowledge, and intuition. It
should be pointed out that the impact on the overall
~ soil-water-plant system is also a function of the

chemical state of the trace element which impacted
the system and its interaction with the local envi-
ronment. This interaction will determine the trace
element availability and, therefore, the fraction of
the total trace element concentration that can affect
growth.

Soils represent the principal repository of trace
contaminants from fossil-fuel combustion over
geologic time. Therefore, the soil is the principal
medium for fong-term exposure of coal effluents to
terrestrial plants and animals. The effects of trace
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metals on important soil microbial processes and the
role of soil microorganisms in iniluencing the long-
term availability of trace metals to plants are largely
unknown. Inhibition of microbial processes may
have important secondary effects on the ecosytem.
Furthermore, microorganisms exist predominately
in the immediate vicinity of the soil particle where
trace metal concentrations are highest. Microor-
ganisms thus have the potential for alteration of the
form of the metal through interaction with normal
metabolites or by direct conversion processes.
Trace elements have long been known to affect
plants. In the case of the essential trace nutrients
(Fe, Cl, B, Mn, Zn, Cu, and Mc), a broad range of
possible responses exists, rangingz from deficiency to
toxicity. In the case of the nonesséntial trace ele-
ments, only the no-effect (tolerant) and toxic por-
tions of the dose-response curve are expressed.
Under natural conditions, there are examples of
plants growing under both deficient and toxic condi-
tions. Whether the trace element emissions from
coal-fired power plants can enhznce or inhibit plant
growth depends on whether these elements will have
a significant effect on naturally occurring concen-
trations. There is no reason to expect acute effects
on plants from atmospheric trace element emissions
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from coal combustion systems and little reason to
expect acute effects to aquatic systems. The poten-
tial for chronic toxicity is relatively low except for
particularly toxic elements such as F (66} or in local
areas already enriched with a particular element.

Some trace ¢lements combine the properties of
high toxicity, a potentia! for bioaccumulation in food
webs, and persistence in the environment. Many of
these substances are toxic in sensitive animal species
at concentrations that are only slightly above natur-
ally occurring levels (64, 63). Higher trophic levels,
as a result of bioaccumulation, may be affected at
“ambient’ concentrations that would not be ex-
pected to affect plants. Even with these reserva-
tions, it is probable that trace elements in emissions
have little or no discernible effect on animals. Effects
would seem possible only if the emissions that are
currently accepted are in error by an order of mag-
nitude. Sublethal, chronic, or synergistic effects of
trace contaminants that may be of significance in
natural terrestrial animal populations have received
little attention (6). However, because some of the
trace elements have been reported to adversely af-
fect soil/litter communities (67} and possibly alter
primary productivity (67, 68), and, in turn, secon-
dary productivity, potential long-term impacts on
ecosystems could occur if trace elements emitted
from coal combustion persist or accumulate in
ecosystems to toxic levels.

Health Effects

Any assessment of possible health effecis from
coal combustion contaminants requires, inter alia,
definition and quantitation of source and transport
terms. Given information on ‘‘what’ and *‘how
much’ can be breathed and ingested, an evaluation
of the human exposure and intake estimations can
proceed utilizing background, dietary, occupational,
experimental, and environmental information, pro-
vided these data exist. A number of reports have
been published on health aspects of trace contami-
nants from coal combustion (1, 4, 6, 48, 69-71), These
reporis have been utilized in developing the follow-
ing discussion.

Physiological and pathological responses of a
population to radionuclides and trace elements from
coal will reflect the individual’s ability to respond
and the duration of exposure. Short-term adverse
effects will be manifest in those subgroups more
sensitive to the pollutant (i.e., children, aged, infirm)
as an increased incidence of respiratory diseases,
aggravation of preexisting chronic cardiopulmonary
diseases, and premature death. Chronic exposure on
the other hand may result in an increased incidence
of respiratory diseases and cancer in the total popu-
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lation. The major health effects of concern relative to
coal combustion products include physiological ir-
ritation, direct toxicity, carcinogenests, and physical
synergisms. The following discussions center pri-
marily around atmospheric emissions from coal
combustion with much less emphasis on solid wastes
{ash and slag). This is due to a virtual absence of
information about the contribution of coal-ash-
derived hazardous elements to the ambient levels in
man’s environment or their subsequent contamina-
tion of food or drinking water.

Electrostatic precipitators are typically more effi-
cient for larger diameter particles in flue gas. Par-
ticulates existing the power plant stack are generally
in the respirabie size class. The toxic effect produced
by respirable particles depends on the chemical
species they contain. Smaller particles tend to be
more toxic than larger ones due to size and selective
adsorption of heavy metals (/7). Submicron fly ash
particles represent a double threat to hurman health
(6); they reach the pulmonary region and remain
there for extended time periods, and they can deliver
agiven concentration of hazardous element to a very
localized area thereby magnifying the effect.

Coal Extraction, Cleaning, and Storage. Human
health effects of hazardous elements associated with
coal extraction, cleaning, and storage include inha-
lation of coal dusts which may contribute to de-
velopment of black lung (coal worker’s pneumo-
coniosis) {72), and ingestion of tfrace elements and
radionuclides from drinking water contaminated by
acid mine drainage. Acid mine drainage impacts are
generally more widespread, and in communities
without alternate sources of water, or undeveloped
water sources, these impacts can represent a severe
problem {¢). Runoff from coal piles and coal-cleaning
wastes contribute to water quality degradation but
on a much smaller scale than acid mine drainage.
Atmospheric Joading of coal particulates arises
through resuspension of coal fines from storage piles
and from accidental ignition of both coal piles and
coal-cleaning waste piles.

Coal Combustion. The radiological impact of
coal-fired power plants appears to be adequately
evaluated for atmospheric releases (, 73). McBride
et al. (¢) estimated annual release rates for a 1000-
MW({e) power ptant burning coal at a rate of ap-
proximately 100 tons/hr, containing | ppm of
uranium and 2 ppm of thorium {(both assumed to be in
secular equilibriumy), and releasing 1% of its fly ash to
the atmosphere (the average ash release for 1972 was
8%). Under these conditions, *2%Th, *3*?Th, ?*'Ra,
and 212Pb each contribute approximately § x 1073
Cifyr; 238(] 234 230Th, 234Th, 226Rqa, 210Ph, 219Pg,
2198 each contribute approximately 8 x 10~ Cilyr;
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and *2°Rn and *22Rn together account for approxi-
mately 1.2 Cifyr. These release rates were then
applied to a population of ~ 3.5 million persons living
within a 90-km radius of the power plant. The dose
calculations took into account doses from immer-
sion, contaminated ground surface, inhalation, and
ingestion, wherein all doses from food and water
were derived from within the 90-km radius of the
plant (74, 75).

The following population dose commitments were
determined: 10 to 25 man-rem/yr whole body dose
and approximately 100 to 240 man-rem/yr bone dose.
The corresponding average individual dose com-
mitments were 0.003 to 0.007 mrem/yr and 0.03 to
0.07 mrem/yr, respectively, where the ranges pertain
to emission patterns from different stack heights
(300-50 m). The maximum individual dose commit-
ment at 500 m from the stack was 1.9 mrem/yr and
was independent of stack height. The dose commit-
ment is based largely on *2%Ra ingestion and essen-
tially doubles if the U content of the coal is doubled.
If bituminous coals are used, the U concentration is
often as high as 20 parts per million, so this could
increase both the release and dose commitment fig-
ures by an order of magnitude, assuming all other
factors remain constant.

Of relevance are the data of Martin et al. (50), who
measured downwind levels of U from a 1400-MW(e)
coal-fired power plant and found fCi/m® concen-
trations, implying daily intakes by humans would be
of the order of a few femtocuries. Ambient air levels
of approximately 400 aCi/m® of U have been re-
ported, indicating a concentration of about 2 pCi/g
for atmospheric dust or approximately 2 ppm by
weight, which is not greatly different from the U
concentration in fly ash from an average anthracitic
coal.

To compare the magnitude of the radiation dose
from coal combustion emissions to that from natural
background (76), it is useful to use dose-equivalent
rates, On this basis, NCRP (76) indicates that the
dose equivalent rate for *?fRa from natural back-
ground is about 7 mrem/yr for bone and less than |
mrem/yr for the whole body. The dose equivalent
rate for the whole body from all natural radiation
© sopurces is 80 = 40 mremy/yr; the corresponding coal
combustion figure would be 7 x 107* mrem/yr. Radi-
ation protection limits for whole body irradiation of
individuals within a population are set at 500
mrem/yr with an average genetic dose limited to 170
mrem/yr (5 rem in 30 years). A proposed guideline
would limit the whole body dose to members of the
critical population to S mrem/yr from atmospheric
releases.

The new EPA Primary Drinking Water Regulation
for Radioactivity (40 CFR 141, 1975) limits the 22¢Ra
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and ?2®Ra combined activity to 5 pC¥/1., gross a ac-
tivity to 15 pCi/l., and any combination of 3-a whose
concentrations produce a dose equivalent of 4
mrem/yT to the whole body. Whether any of these
regulations might be exceeded in the immediate en-
virons of a coal-fired power plant is uncertain. This
uncertainty is due to a lack of information concern-
ing the release of radionuclides fiom solid waste
disposal sites which receive in addition to bottom ash
and slag, the 92% of the fly ash from combustion that
is removed from flue gas by el:ctrostatic pre-
cipitators.

Morrow et al. (69) have made estimates of chemi-
cal toxicity of nonradioactive trace elements using
maximal expected airborne levels 1 m above the
ground associated with 0 to 15-pzm diameter particles
within a 20-km radius of a 1400-MW(e) coal-fired
power plant with a plume height of 300 m [see Table
23 of Vaughan et al. (48)]. The predicted air concen-
trations resulting from their calculations, and pre-
sumably good to a factor of 3, were compared to
ambient air concentrations, atmospheric standards
for population exposures, referenze man data for
inhalation intakes, and occupational Threshold
Limit Values (TLV). By this approach, generally
accepted, safe ranges of atmospheric concentrations
were established.

Results of their analysis revealed several
uncertainties. Three elements [As (II), Cr (VI
insol), and Ni carbonyl] are generally accepted as
having potential carcinogenic importance, so the
general approach wsed in this tabulation may be in-
appropriate. For Ni, As, and Cr, a critical question
concerns the occurrence and magritude of the car-
cinogenic forms of these elements, namely, As (110),
Cr (VI insol), and nickel carbonyl, oxide, sulfide,
and carbonate in coal combustion effluents. On the
basis of the currently availabie information, Cr (VI)
probably occurs; the nature of the nickel compounds
is unknown, but the highly volatile carbonyl is as-
suredly absent from fly ash. For As, the expectation
is good for both the Il and V oxidation states, but no
quantitative findings exist — only the indication that
fly ash leachates contain both forms.

The reported teratogenic properties of certain Cd,
Se, and Hg compounds, the mutagenic potential of
certain Pb and Hg compounds, and the carcinogenic
properties of Be and Se (77) aré, in general, only
demonstrable at high doses or under uncommon cir-
cumstances. Consequently they warrant no species
concern at this time.

Information on the metallo-orgaaic forms of Hg is
facking, as it is for other elements. but there is little
likelihood that they occur in the emissions from coal
combustion associated with particulate matter. Even
if alkyl mercury were the singular form of Hg emit-
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ted, its acceptable air concentration indicates that it
probably would be unimportant toxicologically.

Because of the uncertainties in the assumptions
and models used, the variability in the trace element
composition of coal and in the naturally occurring
levels at specific power plant sites, Be and F may
constitute potential health problems in the immedi-
ate environment of coal power plants. Otherwise,
the majority of the elemental concentrations calcu-
lated by Morrow et al. (69) appear to be one or more
orders of magnitude below the **acceptable air con-
centrations.”

Berry and Wallace (2) sampled the plants and soil
around a coal-fired electric plant at Moapa, Nevada,
burning approximately 100 tons of high ash coal per
hour, and concluded that forage and milk from the
area could become seriously ¢ontaminated if high
arsenic coals (> 500 ppm) were used for several
decades. Excessive Cd contamination of forage and
dairy products also ¢ould be envisioned and some
concern was expressed regarding F contamination.
In other studies of coal power plants, some enrich-
ment of trace elements {(e.g., Hg, Sc¢, and Pb) in soil
and plant life has been reported (60, 61). In the Four
Corners study (60}, Pb was found enriched in soils,
but no toxic trace metals were found in excess of
average soil values at a 3-km distance from the plant.

Comparisons of data from Vaughan et al. 48),
Pinkerton et al. (78) and Bolton et al. (62} indicate
that the soil build-up of trace metal contaminants will
be slow, and allowing order-of-magnitude perturba-
tions in depositions and soil conditions, one would
not expect excessive bioaccumulation to occur in
plants unless the bioavailability of exogenous frac-
tions is orders of magnitude greater than that of
typical soil. There is evidence that exogenous ele-
ments are more water soluble, implying greater
bioavailability on the one hand and shorter soil re-
tention times on the other. A potentially more im-
portant source of water and biotic contamination
relates to slag and fly ash disposal. Ponding, ground
burial, and other disposal techniques will lead to
consequences of greatly different magnitude, and as
pointed out eartier, very few data are available in this
area. Thus, one of the greatest uncertainties in this
health effects evaluation relates to the potential in-
take of heavy metal contaminants from water and
food exposed to ash disposal effluents.

The first Food and Drug Administration Market
Basket Survey (79) indicated that for some metals
(e.g., Cd) the dietary intake levels are already ap-
proaching tolerable limits. The initial survey esti-
mated the daily intake of five selected metals in
upg/day for a U.S. adolescent male as follows: As,
10.1; Cd, 51.2; Hg, 2.9; Pb, 60.4; and Se, 149. On the
basts of the provisional WHO/FAO tolerated intake
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limits for heavy metals by adults, the Market Basket
Survey estimates for total Hg, Pb, and Cd intake are
about 7, 14, and 75%, respectively, of the WHO/
FAO limits. Cadmium has an unusually wide dis-
tribution in foodstuffs so that soil levels will be re-
flected generally in water, fruit, vegetables, meats,
and dairy products. In addition, current mobilization
of Cd and Hg through coal combustion is near the
natural weathering rates for these elements and can
be expected to increase with increased coal use.

Trace elements and radionuclides do not exist in
isolation in the environment; they are released in
association with major coal combustion contami-
nants (i.e., SO,, NO,, particulates) and may undergo
chemical and physical transformations following
discharge from power plant stacks. It is probably
that such secondary chemical and physical interac-
tions of the major and trace emissions, together with
their physiologic interactions with tissues of exposed
persons, may represent a most important aspect of
the toxicology associated with combustion of coal.
The two following examples illustrate the potential
importance of such interactions,

Gaseous pollutants, including SO, NO,, and O3,
that increase the rate of cell proliferation of the
tracheal-bronchial epithelium are highly suspect as
important promoters or cofactors in the patho-
genesis of lung cancer. In a survey of smelter work-
ers exposed to As20s, the greatest excess of lung
cancer was found in instances where there were ac-
companying exposures to high to moderate levels of

Oz,

Oxidation of 8Oz to SO+ does not always occur at
perceptible rates in the atmosphere. Such oxidation
appears to depend on the simultaneous presence of
other factors — possibly hydrocarbons from auto-
motive exhaust, or trace metals which may act
catalyticaily. Adverse health effects in sensitive
members of the population now appear to be better
related to concentrations of sulfate aerosols than to
50:. Acidic sulfate aerosols have, theoretically, the
potential to combine with heavy metal cations with
unknown consequences. Thus a variety of synergis-
tic actions from pollutant mixtures can be antici-
pated which will cause and/or exacerbate pulmonary
dysfunction and chronic cardiopulmonary diseases.

Conclusions

Current Situation

Ultimately, trace elements from coal return to the
soil or sediment systems whence they originally
came. The trace elements and radionuclides in coal
naturally occur in soils. Consequently, an-
thropogenic contributions of these elements in soils
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are hard to distinguish from the large natural varia-
bility at distances of more than a few kilometers from
a particular power plant. The chemical forms of trace
contaminants are important determinants of trans-
port and effects, yet most studies have focused on
total elemental amounts or concentrations.

Basic concepts and models exist to describe the
various pathways of environmental and biological
transport. The rates of transport, however, are not
well known, nor are input data on climatology,
hydrology, and environmental chemistry available
formost sites. It is important to obtain improved data
on transport and transformation rates, particularly in
relevant chemical and biological areas. These data
will be essential in determining organism exposure to
coal-derived hazardous elements.

Coal Extraction, Cleaning, and Storage. Acid
mine drainage, particulate loading of the atmosphere
from coal and refuse piles, and ground water con-
tamination continue to be major problems associated
with mining, processing, and storing coal. These
problems are expected to improve as the new Sur-
face Mining and Reclamation Act is implemented.
Acid mine drainage from both surface and deep
mines is prevalent in the Eastern and Interior Coal
Provinces of the United States while alkaline mine
drainage presents problems in the western prov-
inces. Abandoned mines represent the major source
of acid mine drainage in the eastern United States.
Particulate loading of the atmosphere from the
extraction-processing end of the coal fuel cycle oc-
curs from suspension of coal fines and coal ash dusts
from stable and burning coal and waste ash piles.
Effects from these dusts and coal fines will presuma-
bly be confined to the immediate surroundings. Coal
and refuse piles also serve as sources of hazardous
elements in runoff and leachates which may enter the
soil system and in some cases contaminate ground
water. Generally, ground water contamination from
these sources is minimal because of attenuation in
soils. Effects of trace elements and radionuclides
from coal extraction, cleaning, and storage are gen-
erally subtle when compared to the acid nature of
drainage and runoff. Acute effects will be very dif-
ficult to sort out. Chronic ¢ffects may occur as a
function of biological concentration and transforma-
tions that may render elements more hazardous be-
cause of amount, form, or location of accumulation.

Coal Combustion — Solid Wastes. Solid wastes
from coal combustion consist of slag, bottom ash,
precipitated fly ash, and scrubber sludge (if SO,
scrubbers are used). These wastes are typically
stored wet in settling ponds or are dewatered and
deposited in landfills. Settling ponds may also be
mined following drying with the dry ash then moved
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to landfills. Some coal ash is used for commercial
purposes (e.g., cement additive). I.eachate infiltra-
tion into ground waters immediately below and adja-
cent to ash disposal sites is not well studied. Data are
lacking on chemical species present; chemical form
governs mobility, availability, and toxicity.
Likewise, there are few data available on the con-
tribution of settling pond outfalls to the hazardous
element burden of surface waters, Direct input of
dissolved and suspended trace elements and
radionuclides into these waters can have a direct
effect on water quality and aquatic life depending on
waste water treatment. An understanding of the
problems associated with coal waste leachate and
runoff containing hazardous elernents is essential
when we consider that currently 92% of the ash in
coal is trapped by precipitators and disposed of on
the plant site. Preliminary estimates of trace element
releases from coal combustion to ash disposal sites
indicate that 12 trace elements, including As, Cd,
Hg, Ni, Pb, and U, are releasec. at rates that are
> 0% of natural weathering rates, meaning that
coal extraction and use is short-circuiting the
geochemical cycle for trace elemants,

Coal Combustion — Atmospheric Emissions.
Evatuation of the ecological effects of trace elements
and radionuclides from coal combustion requires
information about the kinds and amounts emitted
during the combustion process, their transport and
deposition in the environment, and their availability,
accumulation, and toxicity in ecosystems. Based on
an incomplete data set concerning the items de-
scribed above, it appears that atimospheric releases
of trace and radioactive elements are not likely to
have significant, detectable effects on the chemical
composition of soil, vegetation, and water in the near
term. There are however, certair areas of the coun-
try where detectable effects may occur (e.g., areas of
sandy soils and low fertility or areas with sizable
ambient concentrations of trace contaminants). In
these areas, several trace elements bear watching.
These include: F, Cd, Ni, Tl, Cu, V, Zn, Co, Mo, W,
and Hg in terrestrial ecosystems; and As, Cd, Co,
Hg, Cu, Pb, and Sn in aqualic environments.
Fluoride may warrant special attention because of its
reactivity and high toxicity in terrestrial systems.

In dealing with soil-plant relationships, emphasis
should be placed on hazardous zlements that enter
soil in the highest concentration: {(e.g., Hg, W, Cd,
and V); are soluble and thus mor: available to plants
(e.g., Cu, Hg, and Ni); are molile in the plant and
transported to edible tissues (e.g., Ni, Tl, and W);
and are most toxic to plant and/or animals and man
e.g., Cd, Ni, F, Tl, V, U, and Hg). Furthermore,
recognition should be given to the potential benefi-
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cial effects of Mo, Zn, Cu, and Co in terrestrial
systems and to the stimulating effects, particularly in
respect to eutrophication, of some of the trace ele-
ments in aquatic systems. The major pollutants in
stack emissions from coal-fired power plants (8O-,
NQ:, and their transformation products) are of im-
portance in terms of their interactions (synergisms/
antagonisms} with trace elements and radionuclides
as well as in terms of their direct effects.

There is an inadequate data base for determining
the health effects, present or potential, of the trace
elements from coal combustion or conversion
plants. There is, however, highly suggestive evi-
dence that some contaminants [e.g., Ni, Cd, Cr (VI),
As (ITDY, and F] may constitute potential health
problems from either direct toxicity or carcino-
genesis. Mercury, Pb, and Cd should be followed
closely because current intake levels are near the
tolerable intake limits. Radioactive emissions from
coal combustion currently contribute < 19 to back-
ground radiation dose from all natural sources.
However, they could become a health consideration
if bituminous coals with high U content (> 5 ppm} are
utilized. Important synergistic effects between cer-
tain coal-derived metals and other inorganic and
organic substances in the environment ¢an be antici-
pated, and these may prove important in health ef-
fect assessments, In the domain of food and water
intake, particularly as affected by ash settling ponds
and landfills, no toxicological assessment of trace
elements or radionuclides is feasible at this time.
However, this should be regarded as a potentially
significant health problem area which justifies
monitoring of these sites.

National Epergy Plan Implications

Implementation of the NEP will result in a dou-
bling of coal extraction and use by 1985 and a tripling
by 2000, Industrial boilers currently using gas and oil
will switch to coal, and electric utilities will add
considerably to their generating capacity through
coal combustion. Gasification may become a signifi-
cant coal consumer before 2000. The NEP calls for
application of the Best Available Control Technol-
ogy (BACT) to new boilers. 1t is assumed that this
application will result in a 1% release of ash from
combustion to the atmosphere. Assuming U.S. coals
average 5% ash, BACT application in 1985 will result
in (.6 million tons of fly ash released to the atmo-
sphere and 59.4 million tons of solid wastes requiring
disposal in settling ponds or landfilis. Conversion of
industrial boilers to coal will serve to disperse
sources of particulates to air and will require
additional ash disposal areas. Regional air and water
quality may change under this dispersed concept.
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Trace element and radionuclide effects on health and
the environment must be looked at from the point of
view of the impact of the NEP on the coal fuel cycle
and the relative contribution of hazardous elements
from coal contrasted with other sources of regional
and local environmental burdens.

Coal Extraction, Cleaning, and Storage. The
NEP will have a direct impact on coal extraction,
cleaning, and storage. Doubling and tripling coal
production in the next 25 years will result in in-
creases in acid mine drainage. The amount of the
increase will depend upon enforcement of current
regulations and those promulgated under the Surface
Mining and Reclamation Act. With BACT being
applied, western coals are less attractive in the east
because of high transportation cost and low BTU
content even though they are low sulfur coals. East-
ern coal {(high sulfur) will be used in plants equipped
with SO, scrubbers. This leads to a considerable
increase in eastern coal mining with attendant acid
mine drainage problems. Hazardous elements in
mine drainage may reach ground and surface waters
with subsequent ingestion by man and other animals.
Western coal production will also increase with at-
tendant alkaline mine drainage problems. Coal
cleaning, typically restricied to the east and central
regions, will increase with leachate and runoff con-
taining hazardous elements moving into ground
water. Storage piles will be more widespread with
more opportunities for runoff to reach surface waters
and perhaps ground waters. Additional mining and
cleaning of coal will lead to increased spoils and
cleaning wastes. Coal fines from these wastes along
with dusts from coal storage areas will serve as fugi-
tive sources of particulates containing hazardous
elements to the atmosphere. Depending on local en-
vironmental conditions, these particulates may con-
stitute a health hazard. From the point of view of
trace elements and radionuclides, the greatest im-
pact of increased coal mining, ¢leaning, and storage
is the additional burden of these elements to air, soil,
and water in environments that are already stressed
by ambient levels of these and other pollutants. The
degree of synergisms occurring among these con-
taminants is not well known. Potential hazards from
elements released in mining and cleaning will be
restricted to particular regions, whereas potential
hazards from coal storage may exist nationwide.

Coal Combustion — Solid Waste. Application of
BACT coupled with a proposed tiipling of coal utili-
zation by 2000 will result annually in some 95 million
tons of ash requiring disposal. Scrubber sludges for
SO, control will add to this solid waste disposal
problem. Unless new engineering designs are de-
veloped for settling ponds and landfills, direct runoff
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to surface waters and [eachate intrusion into ground
water will certainly occur on a larger scale than at
present. Trace elements and radionuclides entering
surface waters will add to existing burdens and result
in degradation of water quality and potential toxic
effects on aquatic species. Contamination of drink-
ing water supplies presents a real human hazard for
elements such as Cd and Hg which are already near
tolerable intake limits, and causes an economic bur-
den in the form of advanced water treatment plants.
Although present studies indicate minimal ground
water contamination from coal-ash landfills because
of attenuation in soils, the national impact of an
additional 60 million tons of ash by 2000 will add
significantly to the trace element and radionuclide
burden in soils and in some cases exceed their buf-
fering capacities, which will lead to accelerated
ground water contamination. Further, this additional
coal-ash waste will be much more widely distributed
across the country as a result of industrial boilers
switching to coal added to the new coal-fired boilers
put into service. Mobilization of elements through
coal combustion already exceeds 109 of natural
weathering for several trace toxic elements and can
only be expected to increase with increased coal use.

Coal Combustion — Atmospheric Emissions. Par-
ticulate emissions from coal combustion and conver-
sion by 2000 are estimated to reach one million tons
annually. These emissions will be predominantly in
the respirable range and will contribute both trace
element and radionuclide insults to plants and ani-
mals. Volatile forms of hazardous elements will ac-
company stack gas emissions. It is difficult to assess
the direct health and environmental effects of coal-
combustion-derived hazardous elements. Their ac-
celerated release from increased coal use will add,
perhaps significantly, to the ambient atmospheric
loading from all other sources. Synergistic actions
with coal-derived and other organic and inorganic
chemicals in the atmosphere will become more im-
portant in determining organism response to in-
creased ambient levels. Thus, a major determinant in
potential coal-derived hazardous element effects will
be the ambient air quality of the region (i.e., indus-
trial vs. rural) receiving the additional burden. The
general public health of the U.S. population will be a
factor in determining hazardous element effects from
the point of view of irritants, co-factors, and physical
synergists.

It is unlikely that atmospheric emissions of
hazardous elements will have a measurable effect on
concentrations in soil, vegetation, and water. In
local situations, however, certain trace elements (F)
and radionuclides {Rn) may reach levels causing
concern because of both increasing coal use and
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switching to coals containing higher concentrations
of these elements or their parents. Because of the
ubiquitous nature of Cd and Hg {and perhaps Pb) and
the fact that their daily intake already approaches
tolerable levels, these elements may become real
health hazards from coal utilization,

Recommendations

The ability to assess the health and environmental
impacts of trace elements and radionuclides derived
from current and future coal utilization depends on a
basic understanding of (a) the chemistry and physics
of elements in coal and ash in the aatural environ-
ment (mining), in settling ponds and landfills (solid
wastes), and in fly ash (atmospheric; emissions); (h)
the physical and biological transport through air,
soil, water, and organisms; (c¢) the interactions
among emissions and ambient pollurants, water, and
other natural environmental chemic:als; and (d) the
ecological and human health effects of coal-derived
emissions both singly and in the presence of other
environmental stresses. Once this information is
available, it will be possible to determine reasonable
trace and radioactive element release rates as func-
tions of both environmental tolerar:ce and costs as-
sociated with effluent controls, Unti] this informa-
tion is on hand, certain activities should be pursued.

(1) Characterization of concentrations and
physicochemical states of specific trace clements
and radionuclides it both atmospheric emissions and
aqueous effluents from coal combustion and conver-
sion should be performed. These monitoring ac-
tivities should be carried out even though hazardous
elements are not considered criteria pollutants and
their release rates are not regulated. Special atten-
tion should be given to characterization of elements,
including As, Cd, Cu, Hg, Ni, Pb, and Zn, in
leachates from ash disposal systems., to the oxidation
states and chemical forms of Ni, As, and Cr, to the
nature and occurrence of organometallic com-
pounds, and to the levels of Cd, Be, and fluorides in
terrestrial environments within 40 km of coal-fired
power plants,

(2) An assessment of the contribution of trace and
radioactive elements from the coal fuel cycle relative
to all other sources should be made to put coal-
derived hazardous elements in proper perspective,

(3) Rapid, reliable methods should be developed to
ascertain the movement of water and solutes in the
vicinity of coal ash disposal sites.

(4) Watershed-scale mass flow budgets for trace
elements from coal mining and processing opera-
tions are needed and should be based on both mea-
surement and model simulations.
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(5} Models should be developed that accurately
track and predict atmospheric transport and diffu-
sion of coal-derived emissions over rugged terrain,
during very stable conditions, and over long dis-
tances. Special emphasis should be applied to dry
deposition on natural surfaces.

(6) Information about chemical and physical be-
havior of specific hazardous elements in soils and
water is needed. Data requirements include rates of
solubilization and transformation, phase distribu-
tions, chemical form, and availability. The rate and
extent of solubilization on a regional basis is also
needed.

{7y The role of the coal-derived hazardous ele-
ments As, Cd, Cr, Cu, Hg, Ni, and Pb in drinking
water should be evaluated in terms of toxicological
and carcinogenic potential.

(8) Compliance testing of environmental control
technologies for atmospheric emissions should be
vigorously pursued with emphasis on improving re-
moval efficiencies for particulates in the respirable
size range.

(9) Methods of removing hazardous elements, in-
cluding As, Cd, Cr, Cu, Hg, Pb, and Zn, from waste
streams (i.e., acid mine drainage, coal pile runoff,
settling pond outfalls) need to be developed to re-
duce the environmentat contribution from coal utili-
zation.

[wish to thank members of the ORNL Environmental Resource
Center who provided invaluable information service during the
development of this paper. I also wish to thank the following
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this paper: C. W. Gehrs, D. E. Reichle, C. R. Richmond, W. D.
Shults, the National Coal Association, and the American Mining
Congress.
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